Comparing Effects on Portland Cement Mortar Containing Micronized Rubber Powder (MRP) and Fine Ground Waste Tire Rubber Intended for Freeze-Thaw Durability by Dellinger, Trent Houston
Clemson University
TigerPrints
All Theses Theses
5-2015
Comparing Effects on Portland Cement Mortar
Containing Micronized Rubber Powder (MRP)
and Fine Ground Waste Tire Rubber Intended for
Freeze-Thaw Durability
Trent Houston Dellinger
Clemson University
Follow this and additional works at: https://tigerprints.clemson.edu/all_theses
This Thesis is brought to you for free and open access by the Theses at TigerPrints. It has been accepted for inclusion in All Theses by an authorized
administrator of TigerPrints. For more information, please contact kokeefe@clemson.edu.
Recommended Citation
Dellinger, Trent Houston, "Comparing Effects on Portland Cement Mortar Containing Micronized Rubber Powder (MRP) and Fine
Ground Waste Tire Rubber Intended for Freeze-Thaw Durability" (2015). All Theses. 2421.
https://tigerprints.clemson.edu/all_theses/2421
i 
COMPARING EFFECTS ON PORTLAND CEMENT MORTAR CONTAINING 
MICRONIZED RUBBER POWDER (MRP) AND FINE GROUND WASTE TIRE 
RUBBER INTENDED FOR FREEZE-THAW DURABILITY 
A Thesis 
Presented to  
the Graduate School of 
Clemson University 
In Partial Fulfillment 
of the Requirements for the Degree 
Master of Science 
Civil Engineering Construction Materials 
by 
Trent Houston Dellinger 
May 2015 
Accepted by: 
Dr. Prasad Rao Rangaraju, Committee Chair 
Dr. Bradley J. Putman 
Dr. Amir Esmailpoursaee 
 ii 
Abstract 
 Research into using crumb rubber from waste tires in asphalt pavements has been 
extensively studied; however, crumb rubber use in concrete has been conducted with 
results that are varied and conflicting in many cases.  
 This study attempted to determine if the type of crumb rubber is relevant to its 
inclusion in cement mortar. For example, producers of cryogenically processed 
micronized rubber powder (MRP) has seen restrictions to its use in rubber modified 
asphalt binder; based on requiring increased particle surface area. The consensus of 
crumb rubber’s interfacial bond strength with cement paste is that it is minuscule 
compared the bond with natural ridged aggregates. If crumb rubber is considered as a 
non-bonding aggregate, then the surface area argument is not relevant to inhibit a type of 
crumb rubber from being used in cement concrete applications.  
 The results of compressive strength, modulus of rupture, and splitting tensile 
resistance showed no statistical difference in mechanical properties when using either 
cryogenically or non-cryogenically processed crumb rubber. The results of rapid 
chloride-ion penetration (RCP), freezing-and-thawing durability (FT) and bulk water 
absorption showed no significant difference when using either type of crumb. The 
difference in RCP in rubberized mortar and non-rubberized mortar was directly 
correlated with the volumetric difference of cement paste content. Rubberized mortar’s 
freeze-and-thawing durability was analogous to non-rubberized high-strength mortar 
having five times the compressive strength.  
 iii 
 The only properties greatly affected by the type of crumb rubber were density and 
workability of fresh cement mortar. The MRP rubber product had no detrimental effects 
to mortar flow and may prove to increase the effect of a polycarboxylate based water-
reducer on workability. Non-cryogenically processed waste tire rubber showed to negate 
any effect to percent flow provided by a water-reducer.   
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Chapter 1 
Introduction 
Problem statement 
 Recent annual reports from the South Carolina Department of Health and 
Environmental Control (SCDHEC) on Solid Waste Management indicated that 48,940 
tons of waste tires in 2013 were collected (SCDHEC 2013) 1. Regulations have banned 
the collection of waste tires in South Carolina’s landfills since implementation in 1993 
(SCDHEC 1993)2. Clemson’s Asphalt Rubber Technology Services (ARTS) conducted 
demonstration projects and laboratory studies since its inception in 2002 to beneficially 
use waste tire-derived products in construction. Waste tire rubber makes up less than 1% 
of an asphalt pavement by weight; resulting in the use of only about 12,600 scrap tires in 
10,500 tons of asphalt pavement in South Carolina (ARTS, 2014)3. Rubberize asphalt can 
consume many tires but portland cement concrete is a more widely used construction 
material all around the world, with an annual worldwide consumption of about 12 billion 
tons. Crumb rubber can potentially be used in concrete as an aggregate replacement 
material, which can use up significant number of tires per unit volume of Portland cement 
concrete.  Also, the use of crumb rubber in concrete as an additive has also been 
documented for improving the freeze-thaw durability of concrete (Gadkar, S. and 
Rangaraju, 2014)4.  However, studies conducted to date have not clearly identified the 
role of individual rubber types and the maximum volume of rubber that can be used 
without deleterious effects on properties of concrete.    
 2 
 Crumb rubber is produced using two technologies – ambient and cryogenic 
processing.  However, recent advancements in processing and classification of rubber 
(Turbine Technology from Lehigh Technologies) have made it possible to produce very 
fine particulate crumb rubber.   One such technology that produces very fine rubber 
particles is known as Micronized Rubber Powder (MRP) by Lehigh Technologies™.  
Although the MRP is being considered by state highway agencies for use in asphalt 
pavements, the use of MRP in portland cement concrete has hitherto not been explored.    
The purpose of this investigation is to study the role of crumb rubber on the properties of 
Portland cement mortar, with particular emphasis on understanding the differences 
between the effects of ambient rubber and MRP.  Also, specific investigations were 
conducted to assess the freeze-thaw durability of mortars containing the ambient rubber 
and the MRP, and compare the findings with a control mixture containing no crumb 
rubber or air-entraining agent.   
Objective of the research 
 The objective of this research was to validate properties that would promote or 
prohibit the use of crumb rubber in Portland cement based mixtures. The primary 
objective involved scrutinizing the resulting performance of mortar modified with 
ambient crumb rubber versus a cryogenically produced crumb rubber processed using 
turbine technology. The sub-objectives to achieve the primary objective are as follows: 
 3 
1. Verify if the reduction of hardened strength properties is directly related to crumb 
rubber in rubber-modified mortar or if another mechanism correlates with the 
specific strength reduction. 
2. Make comparisons between two rubber-modified mortars with identical mixture 
proportions to verify air-entrainment capacity, particle packing ability, 
workability, and variability in performance of hardened mortar product. 
3. Compare a traditional mortar of high-strength capable of resisting freeze-thaw 
degradation to high-volume rubberized mortar having excessively lower strength. 
4. Improve freezing-and-thawing conditioning of specimens by modifying 
equipment setup and specimen preparation. 
Scope of research 
 The scope of research compared rubber modified portland cement mortar 
produced with natural sand aggregate and either cryogenically processed pre-consumer 
truck tire tread or processed ground post-consumer tire crumb rubber. A high-strength 
control mortar of natural sand aggregate provides the base mix design. A crumb rubber 
aggregate mortar with an optimum crumb rubber to cement ratio was mixed with the 
control mortar. The thought was that the required cement paste content for rubber 
modified mortar would be achieved by combining parts of control mixture with parts of 
the rubber modified mixture.  
 Typical fresh mortar properties were conducted. Compression cube specimens 
were produced per ASTM C109. Flexural beam prisms were produced per ASTM C348 
 4 
and tested in a third-point loading setup. Specimens or splitting tensile strength were 
produced and conducted in accordance with ASTM C496. Prism specimens were 
produced for freezing-and-thawing resistance in accordance with ASTM C666 with 
modified equipment preparation. Static Young’s modulus and Poisson’s ratio was 
determined using cylinder specimen, produced and tested in accordance with ASTM 
C469. Specimens were saw-cut and test for resistance to rapid chloride ion penetration in 
accordance with ASTM C1202. Specimens were saw cut from post-freezing-and-thawing 
test prisms for bulk water sorption testing in accordance with ASTM C1757. 
 Frost control inside the freezing-and-thawing cabinet consisted of heavy-duty 
aluminum foil covering the freezing plate base. Aluminum foil wrapped saturated felt 
pads replaced the saturated felt layer described in ASTM C666. The compounding frost 
growth with each progressing cycle of freezing-and-thawing decreased equipment 
efficiency and conditioning specimens non-uniformly. Uniform conditioning was 
achieved with frost control procedure. 
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Chapter 2 
Introduction 
Literature Review 
 The research conducted in the United States by (Eldin and Senouci, 1993)5 used 
waste tire chips to replace coarse aggregates in a portland cement concrete. Two groups 
of concrete specimens were studied; one group utilized waste tires that were cut and 
ground at ambient temperatures into coarse aggregate sized particles, the other group was 
produced with cryogenically processed waste tire rubber. They theorized that the rubber 
particles might act similar to large air voids of equivalent size. Eldin and Senouci 
extended the scope of their research to include freeze-thaw resistance per method B of 
ASTM C666 in the following year (Eldin and Senouci, 1994)6. They observed less 
cracking in the ambient rubber group as the maximum rubber particle size decreased; 
There was no visible cracking in the cryogenic rubber group.  
 Meanwhile in Turkey, Topçu and Avcular published numerous articles on 
rubberized concrete. Topçu proposed that concrete capable of allowing greater 
deformation prior to fracture failure would be highly beneficial for safety barriers on 
motor ways (Topçu, 1995)7. Upon analysis of the stress vs. strain curve during 
compression loading, Topçu observed an increase in plastic energy capacity before 
failure, which shows the rubberized concrete behaves more like a flexible material that 
exhibits more strain before failure. The flexible nature of the rubberized concrete would 
benefit energy-arresting systems such as motorway barriers, possible reducing severity of 
 6 
injuries. Topçu later published an article (Topçu, 1997)8 that used the brittleness index* to 
evaluate concrete that replaced coarse aggregate by weight with rubber chips. The results 
of the experiment showed that at replacement of coarse aggregate of 15% by weight 
produced the highest BI value; an improvement over the control group without rubber 
and greater then observed BI values in the increased replacement level groups. A 
collaborative study published (Topçu and Avcular, 1997)9 used the 15% replacement 
mixtures from [8] to study the collision behavior of rubberized concrete. The experiment 
involved a 65-kg mass that was dropped at a height of 650-mm to impact with a 150-mm 
diameter by 300-mm tall specimen. The results showed that the lowest dynamic stress 
values in rubberized concrete, which showed that the rubberized concrete performed 
better then the normal concrete control specimen. In a separate article (Avcular, 1997)10, 
equations accepted for composite materials to mathematically model the elastic modulus 
were applied to rubberized concrete, having knowledge of the mixture proportions from 
[9]. The results of [10] appeared to confirm rubberized concrete as a three-phase 
composite material that in which individual materials properties can be applied to a 
distributed phase mathematical to calculate the elastic modulus of the rubberized concrete. 
 Research conducted at the University of Idaho attempted to develop a 
mathematical model that would both predict reduction of strength (compressive, flexural, 
and splitting tensile strength) and estimate the sensitivity of a mixture to the addition of 
rubber by volume of aggregates (Khatib and Bayony, 1999)11. Khatib and Bayony present 
                                                
* Brittleness Index (BI) is the area inside the hysarisis loop observed when cyclic loading 
and unloading the material to the stress prior to failure but remaining below the ultimate 
failure stress. 
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the equation 𝑆𝑅𝐹 = 𝑎 + 𝑏 1− 𝑅 ! to determine the strength reduction factor (SRF) of a 
control portland cement concrete (PCC) mixture at increasing volumetric ratios of rubber 
by total volume of aggregates. The variable R is the volumetric ratio of rubber by total 
volume of aggregate. The variable m was said to reflect the degree of the decreasing 
slope of the strength to rubber content curve, described as sensitivity to the addition of 
rubber. The parameter a and b must obey the condition that a =1 – b. In Khatib and 
Bayony’s study [11], they reanalyzed the results of [5] and found that the model 
correlated well with the results of both [5] and [11]. Khatib and Bayony [11] did notice 
that Eldin and Senouci’s [5] results were less sensitive to the rubber in the mixture; the 
most obvious difference between experiments was Eldin and Senouci [5] used 
cryogenically processed rubber crumb rubber.  
 Research conducted in Brazil focused on the surface characteristics of crumb 
rubber particles for use in concrete. Researchers Segre and Joekes compared concrete 
mixtures containing either 10% of non-treated crumb rubber or 10% of crumb rubber 
treated in NaOH solution for 20 minutes (Segre and Joekes, 2000)12. The results of SEM 
on the fractured face of the specimen groups in [12] showed that hydration products were 
closer to the surface of crumb rubber particles and appeared to adhere to the rubber 
surface better. The results of [12] do appear to show improvement by pretreating the 
rubber particles but the mechanism by which this was achieved was left vague.  
 The effect crumb rubber in concrete has on the mechanical properties of concrete 
has clearly been consistent across early research studies [5-12]; compressive and tensile 
strength is reduced while toughness and abrasion resistance in improved. Research 
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conducted in Spain has applied crumb rubber to fiber reinforced concrete composites 
(Hernandez-Olivares et al. 2002)13. The experimental design in [13] consisted of 5% by 
volume of shredded tire rubber having average length of 1.25 cm and 0.1% by volume of 
polypropylene fibers of 12 to 19 mm in length. The addition of polypropylene fibers 
improved the consistency of results across the rubber specimens. They also observed an 
increase in delayed strain response during compressive loading, which lends further to 
rubberized concrete being used when expecting rapid loading of short duration, such as a 
collision.  
 The waste stream of tire rubber is the most noticeable by volume but of rubber 
waste from non-tire sources is also of concern for waste management services. The 
properties of non-tire rubber in cement mortars displayed similar mechanical properties 
as prior studies of tire derived aggregates (Benazzonk et al. 2003)14.   
 Experimentation with crumb rubber treated with NaOH [12] was applied to slag-
modified cement (Segre et al. 2003)15, where a 10% addition of treated crumb rubber by 
weight of mortar was used. The results showed reduced total water absorption and 
improved resistance to acid attack when crumb rubber is present in the mortar [15]. In 
another experiment that used NaOH treated rubber chips (G. Li et. al, 2004)16, the NaOH 
treatment showed no significant improvement to mechanical properties. The authors 
suggest that the surface area in [12] was much greater then the surface area of the tire 
chips used in the study [16]. If the bond strength is improved by the surface treatment of 
NaOH, then the results of [16] should have reflected performance improvements that 
correlate with a difference in surface area but no improvement was observed.  
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 The combination of crumb rubber and silica fume was investigated (Güneyisi et. 
al 2004)17. In this study [17], numerous replacement levels of aggregate replacement by 
volume with crumb rubber; coarse and fine aggregates were replaced simultaneously by 
fine crumb rubber and tire chips. The study attempted to calculate strength reduction 
factors for increasing rubber content in the same way as [11]. The sensitivity value m as 
calculated in [17] was compared to values calculated in [11]. It was noticed that 
sensitivity variable was highest when the crumb rubber particles where largest. The 
sensitivity value calculated in [11] from the data [5] was lowest when crumb rubber 
particles produced in by a cryogenic method were used. Both compressive strength and 
splitting tensile strength were affected less when cryogenically processed crumb rubber 
was used, when comparing sensitivity values from data obtained in [5 and 17]. 
 The research by (Ghaly and Cahill, 2005)18 attempted to provide a strength 
reduction factor that is different then the previous reduction factor equation used in [11]. 
The study [18] focused on concrete cubes having 0% to 15% crumb rubber by volume of 
concrete. The results of [18] should be used with caution as 2-in. cube specimens were 
produced for a concrete mix; coarse aggregate up to 9.5 mm was present in the cubes size 
reserved for mortar. Regardless of the specimen size used in the study, the effect of 
water/cement ratio on the correlation of the best-fit curve was interesting. The best-fit 
curve equation for 28-day compressive strength was 𝑅! = 0.0136 𝑟 !.!". The author 
suggests that the strength reduction factor, 𝑅!, can be determined if the compressive 
strength of a non-rubberized concrete at a similar water/cement ratio is known. The 
correlation of the best-fit curve improved at the water/cement ratio decreased; an 
 10 
𝑅! = 0.77 was observed at the water/cement ratio of 0.47, while an  𝑅! = 0.39 was 
observed at the water/cement ratio of 0.61. This observation helps to claim that crumb 
rubber should only be used in low water/cement ratio concrete; implying that only high-
strength concrete should be modified with crumb.  
 
Applications of Rubberized Concrete 
Air Entrainment Alternative for Freeze-Thaw Protection 
 Research has been conducted into an alternative form of air entrainment in 
concrete by adding crumb rubber. The qualitative benefit of crumb rubber to resist freeze-
thaw damage was mentioned earlier [6]. Another early study examined increasing 
percentages of crumb rubber by weight of cement on the effectiveness to resist freezing-
and-thawing damage (Savas et. al, 1997)19. Procedure A of the standard test method 
ASTM C666 was employed in the study [19]. The conclusion of [19] was that a 10 to 15 
percent rubber content by weight of cement could be a viable option in freezing-and-
thawing conditions. The author(s) of the study [19] goes on to say that a rubberized 
concrete with 10 percent crumb rubber by weight of cement would perform better in 
freeze-thaw condition but a dosage of rubber as low as 4% would show improved to the 
durability factor. It is worth noting the malfunctions of the freezing-and-thawing 
equipment used in the study, which has received little design modification for the near 3 
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decades of its existence. Laboratories with the automated freezing-and-thawing cabinet† 
have experienced less malfunctions when the cabinet’s operational control was upgraded 
to a digital controller. Representatives of the company and the cabinet manufacture 
confirm that the construction and mechanical functions have not been changed in the last 
two decades. This study [19] highlights the current issue with using the standard test 
method ASTM C457 to determine air void parameters when examining rubberized 
concrete.  
 In a recent study (Richardson et. al, 2012)20, a test matrix of increasing rubber 
content was forsaken and the use of only an optimized rubber dosage was sufficient for 
the experiment. The results of the experiment [20] did attribute the rise in the durability 
factor to the dosage of 6% rubber by volume of concrete. However, it should be noted 
that the procedure was conducted in accordance with the standard test method ASTM 
C666, and that cube specimens were used. The key fact of this study is how recent and 
future experiments with rubberized concrete need not be about increasing percentages of 
rubber but only of optimized rubberized concrete designs. If crumb rubber is to be used 
as an air-entrainment alternative, then maybe the current percent air specifications 
prescribed by current design codes and standards could be a valid justification for a 
rubberized concrete mix design. 
                                                
† The freezing-and-thawing cabinet distributed by Humbuldt™ equipment under 
equipment number H-3145. 
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Fire Resistant Concrete 
 The use of crumb rubber in high-strength concrete (HSC) to mitigate explosive 
spalling during high-temperature fire events was investigated (Hernández-Olivares and 
Barluenga, 2004)21. The experiment used crumb rubber fibers made from post-consumer 
truck tire treads to modify high-strength concrete with silica fume. The highest rubber 
content in the experiment was 8% by volume of solid materials in the concrete. 
Rectangular plate specimens were exposed to fire on one side of the specimen. The 
control concrete exhibited the greatest degree of expansion and damage at the exposed 
face of the specimen. As the rubber content increased, thermal expansion decreased and 
no explosive spalling was observed. The magnitude of temperature achieved at similar 
depth was reduced as rubber content was increased. It was observed that water vapor 
pressure was released by the evacuated cavity after the rubber particle as burned 
completely. The results of [21] show that the thermal expansion coefficient must be 
reduced by the inclusion of tire rubber. The crumb rubber must also resist thermal 
transmission through the specimen. As surface rubber burns away, a passage is created 
for the expanding gas produced by the next deeper rubber particle; the result is an 
interconnected void system for moisture vapor to escape.  
Pedestrian Paving Blocks 
 Concrete paving blocks provide a distinguishable path for pedestrians to cross 
roadways. Paving blocks can provide a textured surface more compatible with pedestrian 
shoe treads to increase traction. Pavers are designed to receive cyclic traffic loads 
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similarly as the roadway they cross. Research has been conducted to assess crumb rubber 
aggregates in concrete paving blocks (Sukontasukkul and Chaikaew, 2006)22. The best 
qualities of rubberized concrete are well suited for such an application. Paving blocks are 
design to be replaced once they have fractured and deteriorated beyond a certain point. 
Improvements to fracture resistance or toughness were shown to improve when adding a 
graded crumb rubber to a concrete paving block mixture. Improvements to skid resistance 
were exhibited when the crumb rubber gradation contained similar size fraction as typical 
concrete sand.  
 Another study of concrete paving blocks (Ling et. al, 2009)23 showed similar 
results to [22]. Even though skid resistance was improved when the crumb rubber 
gradation was of a No.6 mesh and smaller, when the gradation was of a No.20 mesh and 
smaller the skid resistance was reduced [22]. Similarly to the results of [22], the skid 
resistance was reduced with the inclusion of crumb rubber with a gradation of No.30 
mesh and smaller [23]. A reduction of skid resistance was reported again in another study 
(Ling, 2012)24. It is unclear as to the reason for this result but one explanation was 
provided in [23], which was that rubber particles have been dislodged in the path of test 
pendulum. If larger size rubber products are shown to provide improvement of the skid 
resistance values, then maybe larger exposed crumb rubber particles are less likely to be 
pulled from its socket in the concrete. This study [23] also confirms  
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Chapter 3 
Materials and Methods 
Introduction 
 This chapter describes the as-received materials used in the experimental design, 
including their gradation and typical properties of importance. The material acquisition, 
storage, and preparation are described. The standard test procedures and modifications 
are described. Finally, the experimental program is described, which includes mixture 
proportions and the test matrix. 
Materials 
 The experimental specimens were comprised of Type I/II low alkali cement, low 
reactivity natural concrete sand, and either a cryogenically processed micronized rubber 
powder (MRP) or finely ground tire rubber processed in ambient temperature conditions. 
A polycarboxylate high-range water-reducer (HRWR) was introduced to every mixture; 
dosage was found by incremental additions and percent flow determinations after each 
addition of HRWR. A similar percent flow was intended across all mixtures. A mineral 
oil releasing agent was used in prior rubber modified mortar batching but was replaced 
for this study by plastic sheets to line interior mold surfaces. 
Aggregate 
 The aggregate content in each mixture was either high-quality natural sand or a 
mixture of natural sand and finely ground tire rubber. The two crumb rubber products 
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were selected for having similar gradations without modification. Gradation curves are 
shown in Figure 1. The gradation and fineness modulus of the as-received sand and 
crumb rubber products are shown in Table 1.  
 
Figure 1: The gradation of material considered to be aggregates in the production of 
mortar specimens as described in the experimental design. 
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Table 1: Gradation Properties of Mineral and Rubber Aggregates with Calculated 
Fineness Modulus 
Sieve Size 
Concrete 
Sand 
Cryogenic 
Crumb 
Rubber 
Ambient 
Crumb 
Rubber 
Blended 
Sand & Cryo. 
Rubber 
Blended 
Sand & Amb. 
Rubber 
3/8” (9.5-mm) 100.0% .. .. 100.0% 100.0% 
No.4 (4.75-mm) 99.8% .. .. 99.9% 99.9% 
No. 8 (2.36-mm) 98.5% .. .. 99.5% 99.5% 
No.16 (1.18-mm) 73.7% 100.0% 100.0% 91.2% 91.2% 
No.30 (0.600-mm) 38.2% 99.0% 99.9% 78.7% 79.3% 
No.50 (0.300-mm) 13.3% 63.7% 38.6% 46.9% 30.2% 
No.100 (0.150-mm) 1.1% 13.7% 4.6% 9.2% 3.5% 
Fineness Modulus 2.75 1.24 1.57 1.74 1.96 
 
Natural Concrete Sand 
 The mineral aggregate used in this study was of high-quality natural concrete sand 
with low reactivity to alkalis. The Glasscock Co. Inc. provided the concrete sand from 
their ready-mix facility in Sumter, South Carolina. A one-ton sample of concrete sand 
was dispensed from the final hopper of the continuous batching equipment into a 1 cubic 
yard transportation sack. The concrete sand used in this study was immediately dispensed 
into 5-gallon plastic buckets and sealed upon arriving at Clemson’s civil engineering 
department. The concrete sand was prepared for experimental testing and mortar batching 
by oven drying and passing through a No. 4 (4.75-mm) screen to remove larger than 
4.75-mm coarse aggregate. The concrete sand had a specific gravity of 2.63. 
Micronized Rubber Powder (MRP) 
 Lehigh Technologies™ provided the cryogenically processed tire rubber from 
their facility in Tucker, Georgia. The crumb rubber was produced from pre-consumer 
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truck tire treads. The gradation was that of a 20-mesh crumb rubber and classified as a 
Grade 3 rubber product per ASTM C5603. Their crumb rubber products have similar 
flow characteristics of natural sand due to a proprietary flow aid powder that is 
introduced to their crumb rubber prior to packaging. The crumb rubber had a specific 
gravity of 1.07. 
Ambient Ground Post-Consumer Tire Crumb 
 The second crumb rubber product was provided by Clemson’s Asphalt Rubber 
Technology Services facility. The product was that of a 40-mesh rubber and classified as 
a Grade 1 rubber product per ASTM C5603. This crumb rubber product was produced 
from post consumer tires that were collected by recycling services of the state. The actual 
composition of light-truck and passenger car tire rubber was unknown. The product was 
free of any steel wire fragments but not metal fibers were visibly present in the crumb 
rubber. The crumb rubber had a specific gravity of 1.07. 
Cement 
 The cement used in this study was a Type I/II low alkali portland cement 
produced by Argos USA™ at their Harleyville, South Carolina plant. The cement was 
obtained in the form of a one-ton pallet composed of 93 lb. bags, sealed in plastic. The 
cement used for this study was of the same batch and stored in sealed plastic buckets in a 
dry environment. The cement was prepared for experimental batching by passing it 
through a hand-driven mechanical sifting device and screen to break up and remove 
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tightly packed clumps caused by the cement settling during storage. The cement had a 
specific gravity of 3.15. 
Admixtures 
Water-Reducing admixture 
 The high-range water-reducing (HRWR) admixture was produced by BASF™ 
under the product name MasterGlenium 7500®. It is a polycarboxylate based water-
reducing admixture that appeared to work well in prior mortars containing crumb rubber. 
The HRWR had a specific gravity of 1.05. 
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Test Methods 
Standard test method ASTM C1202 (Chloride Ion Penetration) 
 This test method was performed on mortar cylinders having nominal dimensions 
of 100mm diameter and 50mm length. Test specimens were saw-cut from a single 
100mm diameter by 200mm tall specimen. The cylinders were cast in disposable plastic 
concrete molds. A thinly applied layer of mineral oil was applied to the inner surface for 
the plastic mold. Specimens were removed from molds after 24-hrs. and curing for 28-
days in a lime saturated water bath. At 28-days, three specimens were saw-cut from one 
cylinder. Each saw-cut specimen was submerged in water up to the time of testing. 
Testing was conducted 34-days after the time of mixing. 
 
Standard test method ASTM C109 (Compressive Strength) 
 This test method was performed on mortar sets of three cubes having nominal 
dimensions of 50mm x 50mm x 50mm. A 50-kip capacity screw type Universal Testing 
Machine (UTM) was used to test cube specimens in compression. The use of UTM 
instead of the typical concrete compression testing equipment was necessary because the 
ultimate failure of rubber-modified mortar was not identified in several specimens when 
using the hydraulic type compression-testing machine. 
 The mortar cube molds were made of rigid brass, consisting of two side sections 
and a base plate. The mortar containing rubber was displaying similar difficulties during 
mold removal as was seen when making freeze-thaw prism. Mineral oil did not prevent a 
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strong adhesion from developing between the mortar and the mold face. Plastic sheets 
were bonded to the molding surfaces, like in the preparation of the freeze-thaw prisms. 
No releasing agent was applied to the plastic sheets. Vibration was used in conjunction 
with tamping to fill the molds. After removing the mold sections from the hardened 
mortar, the plastic sheets would peel off the mortar without damaging the molded surface. 
Each specimen was observed to free of surface defects, having sharp corners, and no 
readily visible entrapped air voids. Specimens were cured for 7 and 28-days, submerged 
in a lime saturated water bath. 
 The compression testing was conducted at the load rate prescribed by the standard 
test method. Specimens were tested in a saturated surface dry condition. Dimensional and 
mass measurements of each cube were taken prior to testing.  
 
Standard test method ASTM C348 (Modulus of Rupture) 
 This test method was performed on mortar prisms having nominal dimensions of 
40mm x 40mm x 160mm. Instead of using a center-point loading, a third-point loading as 
indicated in ASTM C78 test method was employed, including the equation in section 8.1 
of the same standard. A total of three sets of three specimens were tested. Rigid metal 
molds were used in conjunction with a plastic liner to prevent damage during the mold 
removal. Vibration and the tamping pattern prescribed in the standard test method were 
employed to ensure proper compaction. No visible defects or entrapped air was evident. 
The molds were removed from the specimens after 24-hrs and allowed to cure for 28-
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days, submerged in a lime saturated water bath. The specimens were tested an age of 28-
days. The specimens were loaded at the prescribed load rate in ASTM C348 using a 50-
kip screw type UTM, the same used to test compressive strength. 
 
Standard test method ASTM C496 (Splitting Tensile Strength) 
 This test method was performed on mortar cylinder sets of four cylinders having 
nominal dimensions of 50mm diameter and 100mm length. Disposable plastic cylinder 
molds were used. A mold release agent of mineral oil was thinly applied to the interior 
surface of the plastic mold. Vibration was used in conjunction with tamping to fill the 
molds. The molds were removed from the specimens after 24-hrs and allowed to cure for 
7-days, submerged in a lime saturated water bath. After 7-days of submerged curing, the 
specimens were allowed to cure for 21-days at 50% relative humidity. The specimens 
were tested 28-days after their creation. The specimens were tested at the prescribed load 
rate using a 50-kip screw type UTM, the same used to test compressive strength.  
 
Standard Test Method ASTM C469 (Static Young’s Modulus and Poisson’s Ratio) 
 This test method was performed on mortar cylinders having nominal dimensions 
of 100mm diameter x 200mm tall. Two cylinders were required of each mix design. The 
Ultimate compressive strength was determined per the standard test procedure ASTM 
C1231, using two mortar cylinders. The appropriate neoprene pad having a durometer 
value of 60 was used when testing the control mortar while a pad having a durometer 
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value of 50 was used when testing rubber modified mortar cylinders. A hydraulic 
compression-testing machine was required to test the cylinders for ultimate load capacity. 
 The static elastic modulus was performed on the companion cylinder of each 
mortar mix design. A screw type UTM was used to load the specimens as prescribed in 
standard test method ASTM C469. A combined Compressometer and Extensometer were 
used to observe longitudinal and transverse strain while applying the compressive load to 
the specimen. The longitudinal and transverse displacement was observed on two 
analogue dial gauges capable of measuring to the nearest 5 millionths of an inch. The 
specimen was loaded to 40% of the load observed in its companion cylinder. The control 
mortar cylinder was loaded to the capacity of the UTM, which was less than 40% of the 
control mortar’s ultimate load capacity. Each loading of a specimen was recorded in 
high-definition video; keeping in view both dial gauges. The longitudinal strain, 
transverse strain, compress stress was recorded at fourteen points during each test. An 
example frame taken from one of the recorded test videos is shown in Figure 2.  
 23 
 
Figure 2: Example frame of Young’s modulus and Poisson’s ratio video record. The 
bottom dial gauge reports the transverse displacement while the top dial gauge 
reports the longitudinal displacement.  
 Each specimen was loaded a total of five times; the first two loading were 
required to seat the specimen and the following three loadings were for testing. The static 
Young’s modulus and Poisson’s ratio were reported as the average of three test results. 
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Standard test method ASTM C666 (Freeze-Thaw Durability) 
 This test method was performed on mortar prisms having nominal dimensions of 
75mm x 75mm x 285mm with embedded gauge studs for length change measurements. 
The freezing-and-thawing apparatus was used in accordance with Procedure A of the 
standard. 
Modifications for specimen preparation 
 The specific procedure was used to prepare the ridged steel molds. All mold 
sections were chemically striped of any residue from prior use. Mineral oil was used as 
the initial mold release agent in prior batching of mortar containing crumb rubber but was 
ineffective at preventing mortar adhesion to the mold surface. The bond to the mold 
surface after 24 hours was significantly strong to retain several millimeters of mortar 
from the molded face of the specimen. It was speculated that rubber particles might have 
absorbed the thin layer of mineral oil, which allowed for the mortar to adhere to the metal 
surface. Petroleum jelly and thin plastic sheets replaced mineral oil as the primary 
method to prevent mortar adhesion to metal mold faces. Plastic sheets were precisely cut 
from protective plastic sleeves used in typical office ring binders. The faces of the mold 
sections that were intended to be in contact with mortar received a thin coating of 
petroleum jelly. The cut plastic sheets were precisely placed on the petroleum jelly coated 
mold face. A ridged silicon straight edge was used to remove air trapped under the plastic 
sheet, as this would have left a defect in the specimen. No releasing agent was used 
between the plastic sheet and mortar interface. Care was taken to prevent petroleum jelly 
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from coating the surface of the gauge studs, to be embedded in the mortar. The modified 
mold preparation method performed exceptionally well, providing a smooth and defect 
free molded face to the specimen. Vibration was used in conjunction with a rectangular 
tamper (90mm x 20mm tamping area). The tamping pattern, shown in Figure 3, was 
performed twice per lift while providing vibration. Specimens were cured at a 
temperature controlled saturated lime water bath for the prescribed 14 days prior to the 
first freezing cycle of the test procedure. 
1 4 7 
2 5 8 
3 6 9 
Figure 3: Tamping pattern for 75mm x 75mm x 285mm mortar prisms. 
 
Freezing-and-thawing conditions prior to frost control modifications 
 The freeze-thaw cabinet is identical to model H-3185B distributed by Humboldt 
Mfg. Co.™. The standard test procedure ASTM C666 does not adequately address the 
method for ensuring uniform contact of specimen trays to the freezing surface. The 
freezing-and-thawing cabinet was set up with a water-saturated sheet of felt fabric as 
described in the test procedure. The cabinet was filled with specimen trays, only filled 
with water. The growth of ice during the freezing cycle was observed. The height of ice 
growth was not uniform within a specimen tray nor was it uniform to adjacent specimen 
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trays. The uniformity of ice growth did not improve after allowing the equipment to cycle 
numerous times. Excessive deposits of frost were observed at the base of the spacemen 
trays and along refrigerant plumbing. Frost would also fill in gaps between the underside 
of the specimen trays and the felt layer. Maintaining saturation of felt layer during 
automated cycling of the cabinet was difficult. 
 The reference specimen used to control the freezing-and-thawing cabinet had two 
thermal couple leads embedded in its core. One thermal couple lead was used by a data 
logging equipment to record the minimum and maximum temperatures and the number of 
cycles between testing specimens. The second thermal couple was connected to the 
freezing-and-thawing controller to decide when to freeze and when to thaw. When the 
cabinet was prepared per the active standard, the data recorder and the temperature 
display on the cabinet controller would not be identical for the duration of a cycle; The 
difference in temperature was observed to be greater then 10 degrees at moments during a 
cycle. Both thermal couples were new prior to the test and provided twin measurements 
prior to their embedment in the reference prism. 
 It was speculated that large thermal gradients were induced in test specimens 
caused by poor contact of specimen trays to the freezing base plate in the freezing-and-
thawing cabinet. 
Freezing-and-thawing conditions after implementing frost control modifications. 
 A layer of heavy-duty aluminum foil was applied over the surface of the freezing 
surface in the freezing-and-thawing cabinet. The aluminum foil was to inhibit the growth 
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of frost around the specimen trays. Felt sheets were cut to match the footprint of 
specimen trays. The cut pieces of felt were then boiled in tap water until saturation was 
observed. The saturated felt pieces were placed on a piece of aluminum foil. The foil was 
folded to enclose the saturated felt inside. One of the aluminum wrapped felt piece was 
places on the freezing plate in the cabinet and a specimen tray was pressed on to it. This 
process was continued until the cabinet was filled with specimen trays.  
 The heating bars fit between each specimen tray and suspended approximately 1-
in. above the freezing base plate. Each heater bar rested on a loosely rolled piece of 
aluminum foil to maintain its location between the specimen trays. The thaw cycle 
duration appeared shorter after the addition of aluminum foil spacers. 
 The performance of the freezing-and-thawing cabinet showed drastic 
improvement. The growth of ice was uniform in each specimen tray and uniform to 
adjacent specimen trays. The efficiency of the machine showed improvement. The cycles 
per day increased from 2-3 to 5-6, which meets the requirements of the standard. The 
temperature difference between the cabinet controller and the data logger was within 1 
degree for the duration of a cycle. The same reference prism was used during the initial 
and modified equipment setup methods. The frost control techniques were used in the 
testing of specimens in this study. 
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Standard Test Method ASTM E1876 (Dynamic Young’s modulus) 
 The Dynamic Young’s modulus was calculated using the Poisson’s ratio as 
determined from companion mortar cylinders. The relative dynamic modulus was 
calculated per ASTM C666.  
Percent water absorption of post-freeze-thaw conditioned mortar 
 One freeze-thaw specimen was selected from each of the three mortar sets. 
Random saw-cut sections were taken from of each specimen. The sections of the prisms 
were used for percent water absorption measurements. The specimens were dried for a 
minimum of 24-hrs in a laboratory oven with circulating air. Three sets of three 
specimens represent the percent absorption of their respective mix design. The initial 
weight of each specimen was recorded. All specimens were submerged in ambient 
temperature water in the same container. At periodic intervals, specimens were 
individually removed from the water and weighed in a saturated surface dry condition. 
Specimens were replaced in the water bath immediately after their weight was recorded. 
The process was continued over several days. Using a correction factor normalized the 
initial weight of both rubberized mortar sets. The dimensions of each specimen were 
recorded divided by their respective mass. The ratio of mean density of the Control 
mortar and either of the rubberized mortars was calculated, from dry density. The 
resulting initial mass correction factor for the Cryogenic mortar was 1.430 and for the 
Ambient mortar was 1.393. 
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Experimental Program 
Mix Designs 
• The unit weight of the concrete sand was 1.64 and the bulk density was 2.64. The 
control mix design was decided to be 1:2.75:0.3. The ratio of sand to cement by 
weight is similar to ASTM C109 mix design specifications. The water/cement 
ratio was designated to be 0.30 to match increase the rubberized mortar mixtures 
that had the same water to cement ratio. 
• The Cryogenic Set and Ambient Set mix design was to have a matching mix 
design by weight, only switching the type of crumb rubber. The mixture is a 
combination of the control mix design of 1:2.75:0.3 and a crumb rubber only mix 
design of 1:0.65:0.3. It was desired for the rubberized mixture to have 1/3rd 
natural sand and 2/3rd crumb rubber by total volume of aggregate (sand and 
rubber). The resulting mix design is composed of 1 part control mix (1:2.75:0.3) 
and 3.5 parts rubber mortar mix (1:0.65:0.3). The resulting mix design is 
1:0.611:0.505:0.3 where the sand/cement ratio was 0.611 and the rubber/cement 
ratio was 0.505 by weight of cement.  
• The specimen sets are referred to as Control, Cryogenic, or Ambient in this study.  
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Chapter 4 
Results and Discussion 
 This chapter presents the results from each test performed during this study. The 
fresh mortar properties include unit weight, air content, and percent flow measurements. 
Hardened mortar properties include density, compressive strength, modulus of rupture, 
and splitting tensile strength. The durability properties include rapid chloride-ion 
penetration, freeze-thaw resistance, and water absorption. 
Fresh Mortar Properties 
 The percent by weight of each of each material is shown in Figure 4. The percent 
by volume of each material is shown in Figure 5. Multiple samples were taken during the 
batching process. Each sample set required three separate batches of mortar to produce 
the desired number of specimens. At least two samples were taken for unit weight 
determination.  
 Repeated flow table testing, per ASTM C1437, of the fresh mortar determined the 
dosage of the HRWR used in each of the three mix designs. The control mixture received 
a dosage of 4% by weight of cement in the mixture. However, the control mixture could 
have used only 3% by weight of cement because no increase in flow was observed after 
the additional 1% of HRWR. The maximum flow table result from the control mixture 
with 4% HRWR by weight of cement was approximately between 80 - 90%. The flow 
table result of the rubberized mixtures was initially intended to match the flow observed 
for the control mixture. This rational would determine if the type of rubber affected the 
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workability of the mixture. The mortar containing MRP only required 2.5% HRWR by 
weight of cement in the mixture to achieve similar flow results as the control mortar. This 
suggests that the cryogenically refined tire rubber improves workability of the mortar. 
The mortar containing processed waste tire rubber performed drastically different than 
the cryogenic rubber mixture during the flow table test. An HRWR was added to the 
mortar in 1% increments by weight of cement. With each addition of HRWR, the mixture 
would visually appear to have a wetter consistency but would not display any 
improvement in its flow table results. The ambient crumb rubber mortar would not 
produce flow table results greater than 20% with the addition of 4% HRWR by weight of 
cement. The use of only vibration was ineffective at fluidizing the ambient crumb rubber 
mortar during casting. Vibration and was used in conjunction with tamping during all 
specimen castings. The portion of solid materials in each mortar mixture is visualized in 
Figure 4. 
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Figure 4: Comparison of percent of each material by weight in fresh mortar sample 
taken immediately after final addition of high-range water-reducing admixture. 
 The results in Figure 4 show that the total weight of aggregates is close to half 
crumb rubber and half concrete sand. More cement was required to fill the voids allowed 
by the blended sand and crumb rubber aggregate.  
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Figure 5: Comparison of percent of each material by volume in fresh mortar sample 
taken immediately after final addition of high-range water-reducing admixture. 
 The results in Figure 5 shows that the material volume proportion was close to the 
desired mix design. The observed air content in the Cryogenic mortar was greater then 
the air content in the Ambient rubber modified mortar. The greater ability to entrain air in 
the mortar by using the cryogenic rubber would be considered contradictory to what was 
expected. The fineness of the material can cause an increased air in a mortar. Both rubber 
products have the same maximum particle size; however, their fineness was considerably 
different. The cryogenic crumb rubber boasts a smaller fineness modulus of 1.24. 
 The required dosage of HRWR was determined during the first batch of each mix 
design. The following two identical batches were given the same dosage of HRWR. The 
HRWR was effective on the control mortar until a flow of reached 78%; An additional 
1% by weight of cement was ineffective at increasing flow.  
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Density of Hardened Mortar 
 The capacity of the mixing equipment used to batch mortar was limited to 1/3rd of 
the volume required to produce the specimen sets. Density was compared across like 
specimen types and companion specimen sets of like mixture proportions, shown in 
Figure 6. The average hardened density of control, cryogenic, and ambient specimen sets 
was 2,308, 1,678, and 1,727 kg/m3 (3,890, 2,829, and 2911 lbs./yd3) respectively. The 
greatest coefficient of variation‡ for a set of specimens was 1.1%, observed in a control 
specimen set. Statistical analysis was required to determine if the change in density 
between rubberized mortar containing cryogenic crumb rubber and those containing 
ambient rubber was significant. Each set of 17 hardened mortar specimens has been 
statistically compared in Table 2. There was a statistical difference in hardened density 
between each mortar mixture. 
Table 2: Statistical comparison matrix of hardened density determinations. 
Resulting p-values of a two-tail t-test are displayed. 
  Control Cryogenic Ambient  
Control   <0.0000 <0.0000 
Cryogenic <0.0000   <0.0000 
Ambient  <0.0000 <0.0000   
 
                                                
‡ Coefficient of variation (C.V.) or one-sigma limit in percent (1s%) as defined in section 3.2.3 of ASTM C670 – 10 Standard 
Practice for Preparing Precision and Bias Statements for Test Methods for construction Materials 
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Figure 6: Hardened mortar density of Phase 3 specimens, grouped by specimen type. 
Mass of specimen was record in saturated surface dry (SSD) condition, following 
removal from submerged curing.  
 The fresh density of control, cryogenic, and ambient mortars being 2.319, 1.704, 
and 1.749-g/cm3 respectively, also followed a similar trend as that of the hardened mortar. 
The mortar specimens containing ambient rubber entrained less air content (average of 
3.1% by volume) compared to mortar containing cryogenic rubber (average of 5.9% by 
volume). The control mortar contained 3.9% air by volume of fresh mortar. 
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Rapid Chloride Ion Penetration 
 One of the four Ø100-mm by 200-mm cylinders was selected for rapid chloride 
ion penetration in accordance with ASTM C1202 -12 Standard Test Method for 
Electrical Induction of Concrete’s Ability to Resist Chloride Ion Penetration. A water 
saw removed the top and bottom of each specimen. The specimens were then divided into 
50-mm long sections. The plot of passing charge over time is shown in Figure 7. 
 
Figure 7: Results of Rapid Chloride Ion Penetration, charge passed over time. 
Tested in accordance with ASTM C1202 -12 Standard Test Method for Electrical 
Induction of Concrete’s Ability to Resist Chloride Ion Penetration. 
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 The results of the mortar’s resistance to chloride ion penetration show that the 
addition of crumb rubber has maintained a level of resistance similar to low porosity 
high-strength mortar. The average charge passed through the Control, Cryogenic, and 
Ambient mortar was 2,679.3, 2,915.3, and 2,942.3-coulombs respectively. The result of 
two-tail t-test comparing each of the mortar sets is shown in Table 3. We can say that 
there was no significant difference between the Control and the Cryogenic mortar and 
between the Cryogenic and Ambient mortars with 95% confidence. The Control and 
Ambient mortar are only slightly in the rejection regain to suggest that there is a 
difference between the two mortars. 
Table 3: Statistical comparison matrix of RCP testing. Resulting p-values of a two-
tail t-test are displayed. 
  Control Cryogenic Ambient  
Control   0.1099 0.0247 
Cryogenic 0.1099   0.8520 
Ambient  0.0247 0.8520   
 
 The best-fit equations appear to show that if given more time the Control Set and 
either mortars containing rubber will become significantly different. The type of rubber 
does not appear to cause a change in the coulombs passed through the specimens. 
Although there is not a significant difference in charge passed through the mortars 
containing rubber, the Ambient Set showed a mean charge passed that was 0.9% greater 
than the Cryogenic Set. The slight increase in charge passing through the Ambient Set is 
most likely due to the 0.9% increase in cement paste between the Ambient and Cryogenic 
mortars. The Control mortar had 8.2% less cement paste then either rubberized mortars, 
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which could account for the 8.9% fewer coulombs in the Control mortar compared to 
either rubberized mortars. The results appear to be related in the cement paste volume in 
the mortars; leading to the conclusion that crumb rubber aggregates do not appear to 
affect the results of chloride ion penetration, negatively nor positively. 
 
Compressive Strength of Cube Specimens 
 The compressive strength of three 50-mm (2-in.) sets of cubes was tested after 7 
and 28 days of submerged curing. The specimens were testing in saturated surface dry 
condition. The results of the compression testing using a universal testing machine 
(UTM) are comparing in Figure 8. The 7-day compressive strength of the control, 
cryogenic, and ambient mortar was 61.5, 9.6, and 13.1-MPa (8,926, 1,396, and 1,893-psi) 
respectively. The 28-day compressive strength of the control, cryogenic, and ambient 
mortar was 68.8, 14.2, and 13.3-MPa (9,979, 2,054, and 1,927-psi) respectively. 
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Figure 8: Compressive strength of 50-mm (2-in.) mortar cubes, at 7 and 28 days of 
submerged curing in temperature controlled water bath with hydrated lime 
saturated water. Specimens were tested in accordance with ASTM C109/C109M – 
12 Standard Test Method for Compressive Strength of Hydraulic Cement Mortars. 
  The compressive strength results are compared using a two-tailed t-test and there 
corresponding p-values are in Table 4 and Table 5. The p-values confirm that there is 
significant difference between each set of data after 7-days of curing. At an age of 7-days, 
the cryogenic set showed significantly lower compressive strength compared to the 
ambient set. The rate of strength gain of mortar containing micronized rubber powder 
(cryogenic) maybe slower at early ages. The statistical comparison at the age of 28-days 
did not show a significant difference between the Cryogenic and Ambient sets of 
specimens.  
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Table 4: Statistical comparison matrix of 7-day compressive strength. Resulting p-
values of a two-tail t-test are displayed. 
  Control Cryogenic Ambient  
Control   0.0028 0.0041 
Cryogenic 0.0028   0.0188 
Ambient  0.0041 0.0188   
 
Table 5: Statistical comparison matrix of 28-day compressive strength. Resulting p-
values of a two-tail t-test are displayed. 
  Control Cryogenic Ambient  
Control   0.0038 0.0024 
Cryogenic 0.0038   0.4150 
Ambient  0.0024 0.4150   
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Modulus of Rupture / Flexural Strength 
 The flexural strength or Modulus of Rupture (MOR) of each set of mortars in was 
compared in Figure 9. The resulting fracture through each specimen is shown in Figure 
10 through Figure 18. 
 
Figure 9: Flexural strength of 40x40x160mm (1.6x1.6x6.3-in.) mortar prisms tested 
using third-point loading method in accordance with ASTM C78/C78M – 10 
Standard Test Method for Flexural Strength of Concrete. 
 The MOR of the Control Set, Cryogenic Set, and Ambient Set was 1,916, 660, 
and 694-psi) respectively. There is a clear and distinct difference in the MOR of the 
Control Set compared to either of the mortars containing crumb rubber. There is no 
significant difference between rubberized mortars. The percent of flexural strength is 
approximately equal to the percent rigid mineral aggregate of the total aggregate volume. 
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Table 6: Statistical comparison matrix of 28-day modulus of rupture. Resulting p-
values of a two-tail t-test are displayed. 
  Control Cryogenic Ambient  
Control   0.0126 0.0136 
Cryogenic 0.0126   0.0753 
Ambient  0.0136 0.0753   
 
 During the test of the flexural prisms, it was observed that the speed at which the 
crack propagated from the extreme tensile region to opposing side of the prisms was 
slower than observed in the control prisms. The mechanism could be an example how the 
fracture toughness of the cement-paste and rubber bond approaches zero; this would 
cause the crack direction to deflect away from its initial direction. The crack defection 
may explain why the crack also takes longer to travel through the specimen and cause full 
failure. If the crack is deeper, then the ability of moisture to travel to internal 
reinforcement steel may be reduced; thus, improving the protection of reinforcement 
provided by a concrete.  
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Figure 10: Control No.1 40x40x160mm (1.6x1.6x6.3-in.) mortar prism. (a) Pre-test 
specimen side; (b) Post-test specimen side; (c) Post-test specimen top; (d) Post-test 
specimen opposite side; and (e) Post-test specimen bottom. 
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Figure 11: Control No.2 40x40x160mm (1.6x1.6x6.3-in.) mortar prism. (a) Pre-test 
specimen side; (b) Post-test specimen side; (c) Post-test specimen top; (d) Post-test 
specimen opposite side; and (e) Post-test specimen bottom. 
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Figure 12: Control No.3 40x40x160mm (1.6x1.6x6.3-in.) mortar prism. (a) Pre-test 
specimen side; (b) Post-test specimen side; (c) Post-test specimen top; (d) Post-test 
specimen opposite side; and (e) Post-test specimen bottom. 
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Figure 13: Cryogenic No.1 40x40x160mm (1.6x1.6x6.3-in.) mortar prism. (a) Pre-
test specimen top; (b) Post-test specimen top; (c) Post-test specimen side; (d) Post-
test specimen bottom; and (e) Post-test specimen opposite side. 
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Figure 14: Cryogenic No.2 40x40x160mm (1.6x1.6x6.3-in.) mortar prism. (a) Pre-
test specimen top; (b) Post-test specimen top; (c) Post-test specimen side; (d) Post-
test specimen bottom; and (e) Post-test specimen opposite side. 
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Figure 15: Cryogenic No.3 40x40x160mm (1.6x1.6x6.3-in.) mortar prism. (a) Pre-
test specimen top; (b) Post-test specimen top; (c) Post-test specimen side; (d) Post-
test specimen bottom; and (e) Post-test specimen opposite side. 
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Figure 16: Ambient No.1 40x40x160mm (1.6x1.6x6.3-in.) mortar prism. (a) Pre-test 
specimen top; (b) Post-test specimen top; (c) Post-test specimen side; (d) Post-test 
specimen bottom; and (e) Post-test specimen opposite side. 
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Figure 17: Ambient No.2 40x40x160mm (1.6x1.6x6.3-in.) mortar prism. (a) Pre-test 
specimen top; (b) Post-test specimen top; (c) Post-test specimen side; (d) Post-test 
specimen bottom; and (e) Post-test specimen opposite side. 
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Figure 18: Ambient No.3 40x40x160mm (1.6x1.6x6.3-in.) mortar prism. (a) Pre-test 
specimen top; (b) Post-test specimen top; (c) Post-test specimen side; (d) Post-test 
specimen bottom; and (e) Post-test specimen opposite side. 
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Splitting Tensile Strength 
 The splitting tensile strength results are compared in Figure 19.  
 
Figure 19: Splitting tensile strength of Ø50-mm x 100-mm (Ø2-in. x 4-in.) cylinders. 
Sets consist of 4 cylinders that were cured and tested in accordance with ASTM 
C496/C496M – 11 Standard Test Method for Splitting Tensile Strength of Cylindrical 
Concrete Specimens. 
 The splitting tensile strength of the Control Set, Cryogenic Set, and the Ambient 
Set was 12.0, 2.7, and 3.0 MPa (1,734, 388, and 431-psi.) respectively. There was a 
significant difference between the Control mortar and the rubberized mortars. There was 
no statistical difference between the rubberized mortars. 
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Table 7: Statistical comparison matrix of 28-day spitting tensile strength. Resulting 
p-values of a two-tail t-test are displayed. 
  Control Cryogenic Ambient  
Control   0.0006 0.0003 
Cryogenic 0.0006   0.2403 
Ambient  0.0003 0.2403   
 
 Even though there is no significant difference between mortars containing rubber, 
the Cryogenic Set had a spitting tensile strength that was 2.5% less then the Ambient Set 
at 24.8% of the Control Set strength. The difference in percent air between the Cryogenic 
Set and Ambient Set (cryogenic having more air) was 2.9%, which may account for the 
2.5% difference in splitting tensile strength. 
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Static Young’s Modulus and Poisson’s Ratio 
 The mean result of the static Young’s modulus and the Poisson’s ratio of the 
mortar sets is shown in Table 8. From the comparison of Young’s modulus results, shown 
in Table 9, there was no statistical difference between rubberized mortars. There was a 
significant difference in the control mortar compared to the rubberized mortars. 
Table 8: Results of static Young’s modulus and Poisson’s ratio test. 
   Control Cryogenic Ambient 
 Young’s Modulus, 
psi.  618,912  109,727  108,300 
 Average, psi  12,508  1,941  1,234 
C.V. %  2.0  1.8  1.1 
 Poisson’s Ratio, [-]  0.128  0.150  0.154 
 Average, [-]  0.006  0.009  0.011 
C.V., %  4.8  6.0  7.4 
 
 From the comparison of Young’s modulus results, shown in Table 9, there was no 
statistical difference between rubberized mortars. There was a significant difference in 
the control mortar compared to the rubberized mortars. 
Table 9: Statistical comparison matrix of static Young’s modulus results. Resulting 
p-values of a two-tail t-test are displayed. 
  Control Cryogenic Ambient  
Control   0.0002 0.0002 
Cryogenic 0.0002   0.1402 
Ambient  0.0002 0.1402   
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 The comparison of Poisson’s ratio results, shown in Table 10, shows there was no 
statistical difference between any of the test mortars. 
Table 10: Statistical comparison matrix of Poisson’s ratio results. Resulting p-values 
of a two-tail t-test are displayed. 
  Control Cryogenic Ambient  
Control   0.0339 0.0342 
Cryogenic 0.0339   0.0964 
Ambient  0.0342 0.0964   
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Freeze-Thaw Durability 
 The change in mass of the specimen sets that underwent freezing cycles is shown 
in Figure 20. The only visible destruction of the specimens containing rubber was 
exceptionally mild surface scaling. 
 
Figure 20: Comparison of percent mass loss during 585 cycles of freezing and 
thawing. 
 It is believed that the rubber particles that came of the faces of a prism caused a 
slight increase in water absorbing surfaces. The average observed increase in mass of the 
cryogenic and ambient rubber modified mortar was 0.44% and 0.38% between 0 and 585 
cycles of freezing. The control mortar followed an opposite trend by which it lost 0.21% 
of mass between 0 and 585 cycles of freezing. The comparison between each mortar 
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mixture, shown in Table 11, shows that there was no statistical difference in mass loss 
between all mortar mixtures after 585 cycles of freeze-thaw. 
Table 11: Statistical comparison matrix of mass loss percent of freeze-thaw 
specimens. Resulting p-values of a two-tail t-test are displayed. 
  Control Cryogenic Ambient  
Control   0.0910 0.0438 
Cryogenic 0.0910   0.7707 
Ambient  0.0438 0.7707   
 
 
Figure 21: Comparison of fundamental frequency as freeze-thaw cycles increased. 
 The fundimental frequency increased in both the control and the ambient rubber 
mortar by 1.02% and 0.75% respectivly. The crygenic rubber mortar appeared to increas 
between 0 and 300 cycles of freeze-thaw cycles but ultimatly reduced by 1.12% by the 
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end of the 585 cycles of freezing. The surface texture my have been a significant factor in 
these results. No visible cracking was observed. The length change of the specimens was 
recorded but all specimens resulted in approximately 0.0% change in length. The trend of 
durability factor results is shown in Figure 22. The comparison of durability factor 
calculations, shown in Table 12, shows that there was no statistical difference between 
mortar mixtures after 585 cycles of freeze-thaw. 
Table 12: Statistical comparison matrix of mass loss percent of freeze-thaw 
specimens. Resulting p-values of a two-tail t-test are displayed. 
  Control Cryogenic Ambient  
Control   0.0380 0.5699 
Cryogenic 0.0380   0.1789 
Ambient  0.5699 0.1789   
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Figure 22: Comparison of durability factors as freeze-thaw cycles increased. 
  The Control set would exhibit a durability factor of 60 at 2,808 freezing-and-
thawing cycles. The Cryogenic set would exhibit a durability factor of 60 at 2,122 
freezing-and-thawing cycles, and the ambient set would exhibit a durability factor of 60 
at 1,662 freezing-and-thawing cycles. The trend correlates with the results of water 
absorption results of specimens, saw-cut from freeze-thaw prisms. The resulting 
absorption curves are shown in Figure 25 through Figure 42. The only observable 
damage to specimens was located at the top edges at each end of the rubberized 
specimens. 
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Percent water absorption by mass 
 The following figures are the results of percent water absorption by mass of the 
specimen. The average percent water absorption by mass is plotted in Figure 23; however, 
the data does not account for the excessively different density of the rubberized sets 
compared to the control set. The data was normalized by using a correction factor to 
adjust the initial dry weight of the Cryogenic and Ambient sets, making the percent 
increase by mass due to water absorption weighted more equally across all three mortar 
sets. The percent absorption curves with normalized data are shown in Figure 24. The 
Ambient set shows the greatest percent absorption trend after freeze-thaw conditioning, 
which correlate with its order of fail based on its durability factor. Likewise, the Control 
set shows the lowest percent absorption trend; correlating with its order of failure based 
on its durability factor.  
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Figure 23: Average Percent absorption by weight of three post-freezing-and-
thawing specimens versus time. Specimens saw cut from one freeze-thaw prism. 
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Figure 24: Average Percent absorption by weight of three post-freezing-and-
thawing specimens versus time. Specimens saw cut from one freeze-thaw prism. The 
initial weight of the rubberized mortar sets corrected for difference in density when 
compared to the control mortar set. 
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Chapter 5 
Conclusion 
• There was no significant difference in loss of compressive strength when using 
cryogenic or ambient crumb rubber to modify cement mortar.  
• There was no significant difference in the flexural performance of mortar 
specimens containing cryogenic or ambient rubber. The MOR increases 
proportionally with an increase in the mineral aggregate content. The percent of 
total aggregate volume that is non-bonding such rubber is equal to the percent 
reduction in splitting tensile strength. 
• There was no significant difference in performance between cryogenic and 
ambient rubber bonding strength determined by splitting tensile strength. 
• Regardless of the type of rubber, the rapid chloride ion permeability results of 
Portland cement mortars containing rubber were similar for a given dosage level.  
• Results from rapid chloride ion permeability tests showed that the permeability 
was proportional to the volume of cement paste in the mixture, and not related to 
the type of rubber present in the mixture.   
• Rubber-modified mortar mixtures with significantly less compressive strength 
performed exceptionally well in the freeze-thaw tests when compared to a control 
mortar mixture with much greater compressive strength.  Although, both types of 
rubber provide adequate protection against the freeze-thaw cycles, cryogenic 
rubber was found to be slightly better than ambient rubber in terms of the number 
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of cycles it would take to reach a threshold durability factor of 60 – a level that is 
considered to represent complete failure.  Results showed that cryogenically 
modified mortar could take longer to degrade than traditional mortar and ambient 
rubber-modified mortar. 
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Appendix 
Compression Cubes 
Table 13: Compressive strength results and specimen properties. 
Specimen ID.: Age, (days) Mass, (g) Area, (in2) Stress, (psi.) 
Control 1 7 - 4 8,962 
Control 2 7 - 4 8,095 
Control 3 7 - 4 9,721 
Average: 8,926 
Cryogenic 1 7 - 4 1,175 
Cryogenic 2 7 - 4 1,344 
Cryogenic 3 7 - 4 1,670 
Average: 1,396 
Ambient 1 7 - 4 1,713 
Ambient 2 7 - 4 1,934 
Ambient 3 7 - 4 2,032 
Average: 1,893 
Control 1 28 311.17 4.061 9,751 
Control 2 28 313.28 4.027 10,801 
Control 3 28 313.83 4.042 9,385 
Average: 312.76 Average: 9,979 
Cryogenic 1 28 232.12 4.029 1,946 
Cryogenic 2 28 231.08 4.029 1,978 
Cryogenic 3 28 233.51 4.034 2,238 
Average: 232.24 Average: 2,054 
Ambient 1 28 238.87 4.029 1,945 
Ambient 2 28 240.72 4.043 1,974 
Ambient 3 28 238.70 4.024 1,863 
Average: 239.43 Average: 1,927 
 
  
 66 
Modulus of Rupture/Flexure Beam Test 
Table 14: Modulus of Rupture results and specimen properties. 
Specimen 
ID.: 
Avg. 
Height, 
mm 
Avg. 
Width, 
mm 
Area, mm2 (in2) Laod, N (lbf.) Modulus of Rupture, psi. 
Control 1 40.12 41.56 1,667.3 (2.584) 7,590 (1706) 1,975 
Control 2 40.10 41.44 1,661.7 (2.576) 6,377 (1,434) 1,666 
Control 3 40.13 41.42 1,661.9 (2.576) 8,074 (1,815) 2,107 
 Average: 1,916 
Cryogenic 
1 40.18 41.96 1,685.9 (2.613) 
2,638 (593) 
678 
Cryogenic 
2 40.29 42.29 1,703.9 (2.641) 
2,659 (598) 
674 
Cryogenic 
3 40.30 41.70 1,680.5 (2.605) 
2,441 (549) 
627 
 Average: 660 
Ambient 1 40.16 41.73 1,676.1 (2.598) 2,830 (636) 732 
Ambient 2 40.27 41.99 1,690.9 (2.621) 2,756 (620) 704 
Ambient 3 40.20 42.18 1,695.5 (2.628) 2,532 (569) 647 
 Average: 694 
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Splitting Tension Test 
Table 15: Splitting tensile strength results and specimen properties. 
Specimen 
ID.: 
Avg. 
Height, 
in. 
Avg. 
Diameter, 
in. 
Loading, lbf Splitting Tensile Strength, psi. 
Control 1 4.021 2.012 22,793 1,794 
Control 2 4.034 2.011 24,675 1,936 
Control 3 4.040 2.009 20,678 1,622 
Control 4 4.030 2.011 20,168 1,584 
Average: 1,734 
Cryogenic 1 4.075 2.010 4,807 374 
Cryogenic 2 4.076 2.009 5,137 400 
Cryogenic 3 4.078 2.009 5,557 432 
Cryogenic 4 4.089 2.010 4,460 345 
Average: 388 
Ambient 1 4.062 2.013 5,886 458 
Ambient 2 4.065 2.012 5,828 454 
Ambient 3 4.058 2.012 5,491 428 
Ambient 4 4.076 2.016 4,938 383 
Average: 431 
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Freeze-Thaw Data 
Table 16: Control Set Freeze thaw data for mass lose. 
 Control 1 Control 2 Control 3 
Number of 
Cycles 
Specimen 
Mass, g 
Percent	  of	  
Mass	  Lose,	  %	  
Specimen 
Mass, g 
Percent	  of	  
Mass	  Lose,	  %	  
Specimen 
Mass, g 
Percent	  of	  
Mass	  Lose,	  %	  
0 3951.8 0.00% 3869.4 0.00% 3923.9 0.00% 
32 3950.5 0.03% 3869.0 0.01% 3921.9 0.05% 
60 3949.8 0.05% 3868.0 0.04% 3920.8 0.08% 
89 3948.6 0.08% 3866.4 0.08% 3919.8 0.10% 
122 3948.6 0.08% 3867.6 0.05% 3920.6 0.08% 
149 3948.3 0.09% 3867.2 0.06% 3920.5 0.09% 
195 3948.3 0.09% 3867.1 0.06% 3920.3 0.09% 
244 3948.1 0.09% 3867.2 0.06% 3919.7 0.11% 
280 3947.4 0.11% 3866.3 0.08% 3919.4 0.11% 
318 3947.1 0.12% 3865.7 0.10% 3919.0 0.12% 
352 3946.9 0.12% 3865.5 0.10% 3918.8 0.13% 
388 3946.8 0.13% 3865.3 0.11% 3918.7 0.13% 
425 3946.2 0.14% 3865.1 0.11% 3918.4 0.14% 
461 3945.5 0.16% 3864.4 0.13% 3917.6 0.16% 
495 3945.1 0.17% 3864.2 0.13% 3917.4 0.17% 
526 3944.3 0.19% 3862.9 0.17% 3916.6 0.19% 
554 3944.1 0.19% 3863.0 0.17% 3915.8 0.21% 
585 3943.0 0.22% 3861.7 0.20% 3915.2 0.22% 
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Table 17: Cryogenic Set Freeze thaw data for mass lose. 
 Cryogenic1 Cryogenic 2 Cryogenic 3 
Number of 
Cycles 
Specimen 
Mass, g 
Percent of 
Mass Lose, % 
Specimen 
Mass, g 
Percent of 
Mass Lose, % 
Specimen 
Mass, g 
Percent of 
Mass Lose, % 
0 2882.5 0.00% 2899.5 0.00% 2888.7 0.00% 
32 2881.0 0.05% 2895.0 0.16% 2886.3 0.08% 
60 2880.7 0.06% 2895.7 0.13% 2887.2 0.05% 
89 2875.0 0.26% 2899.9 -0.01% 2887.7 0.03% 
122 2877.1 0.19% 2898.6 0.03% 2890.5 -0.06% 
149 2878.6 0.14% 2898.9 0.02% 2892.4 -0.13% 
195 2881.8 0.02% 2902.7 -0.11% 2896.1 -0.26% 
244 2883.7 -0.04% 2904.2 -0.16% 2897.7 -0.31% 
280 2884.9 -0.08% 2905.5 -0.21% 2898.9 -0.35% 
318 2885.4 -0.10% 2906.1 -0.23% 2900.8 -0.42% 
352 2887.8 -0.18% 2906.8 -0.25% 2902.2 -0.47% 
388 2888.7 -0.22% 2906.7 -0.25% 2905.0 -0.56% 
425 2887.5 -0.17% 2906.0 -0.22% 2905.2 -0.57% 
461 2888.9 -0.22% 2907.1 -0.26% 2907.0 -0.63% 
495 2889.9 -0.26% 2905.9 -0.22% 2908.9 -0.70% 
526 2890.2 -0.27% 2905.6 -0.21% 2910.6 -0.76% 
554 2891.1 -0.30% 2905.5 -0.21% 2910.9 -0.77% 
585 2891.4 -0.31% 2904.1 -0.16% 2913.1 -0.84% 
 
Table 18: Ambient Set Freeze thaw data for mass lose. 
 Ambient1 Ambient 2 Ambient 3 
Number of 
Cycles 
Specimen 
Mass, g 
Percent of 
Mass Lose, % 
Specimen 
Mass, g 
Percent of 
Mass Lose, % 
Specimen 
Mass, g 
Percent of 
Mass Lose, % 
0 2960.0 0.00% 2984.7 0.00% 2926.2 0.00% 
32 2959.0 0.03% 2982.8 0.06% 2925.3 0.03% 
60 2959.5 0.02% 2982.7 0.07% 2926.2 0.00% 
89 2959.9 0.00% 2983.5 0.04% 2926.8 -0.02% 
122 2962.0 -0.07% 2984.4 0.01% 2925.0 0.04% 
149 2963.6 -0.12% 2985.6 -0.03% 2924.8 0.05% 
195 2966.2 -0.21% 2987.7 -0.10% 2926.9 -0.02% 
244 2966.2 -0.21% 2989.8 -0.17% 2928.3 -0.07% 
280 2967.0 -0.24% 2990.5 -0.19% 2929.2 -0.10% 
318 2968.1 -0.27% 2989.9 -0.17% 2930.5 -0.15% 
352 2969.5 -0.32% 2985.1 -0.01% 2932.4 -0.21% 
388 2971.3 -0.38% 2986.0 -0.04% 2933.9 -0.26% 
425 2972.1 -0.41% 2986.8 -0.07% 2934.6 -0.29% 
461 2972.6 -0.43% 2986.6 -0.06% 2935.7 -0.32% 
495 2974.5 -0.49% 2988.5 -0.13% 2937.0 -0.37% 
526 2974.4 -0.49% 2987.3 -0.09% 2937.6 -0.39% 
554 2976.1 -0.54% 2989.2 -0.15% 2938.0 -0.40% 
585 2975.9 -0.54% 2988.9 -0.14% 2939.3 -0.45% 
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Table 19: Average fundimental frequency (avg. of 10 readings), kHz 
 Control Set Cryogenic Set Ambient Set 
Cycles 1 2 3 1 2 3 1 2 3 
0 3.7113 3.7029 3.6711 1.9069 1.9046 1.9081 1.9062 1.9014 1.9597 
32 3.7178 3.7108 3.6955 1.9308 1.9232 1.9294 1.9260 1.9299 1.9821 
60 3.7398 3.7119 3.6965 1.9314 1.9144 1.9258 1.9199 1.9168 1.9748 
89 3.7260 3.7013 3.6832 1.9209 1.8984 1.9093 1.9072 1.9033 1.9620 
122 3.7447 3.7213 3.7082 1.9372 1.9209 1.9283 1.9309 1.9323 1.9842 
149 3.7435 3.7151 3.7106 1.9355 1.9134 1.8936 1.9246 1.9319 1.9556 
195 3.7500 3.7200 3.7100 1.9370 1.9200 1.9200 1.9310 1.9170 1.987 
244 3.7500 3.7188 3.7093 1.9235 1.9049 1.9080 1.9273 1.9321 1.9823 
280 3.7481 3.7252 3.7151 1.9256 1.9032 1.9133 1.9222 1.9309 1.9899 
318 3.7485 3.7323 3.7122 1.9195 1.9020 1.9042 1.9237 1.9377 1.9823 
352 3.7513 3.7252 3.7164 1.9157 1.8952 1.9055 1.9240 1.9323 1.9880 
388 3.7579 3.7324 3.7181 1.9192 1.8971 1.9029 1.9266 1.9423 1.9871 
425 3.7537 3.7299 3.7200 1.9144 1.8853 1.9007 1.9203 1.9373 1.9841 
461 3.7578 3.7336 3.7160 1.9096 1.8911 1.8930 1.9167 1.9410 1.9766 
495 3.7641 3.7399 3.7274 1.9158 1.8932 1.9058 1.9217 1.9483 1.9904 
526 3.7531 3.7280 3.7134 1.8996 1.8810 1.8915 1.9077 1.9317 1.9721 
554 3.7640 3.7347 3.7263 1.9063 1.8837 1.8988 1.9221 1.9370 1.9868 
585 3.7537 3.7295 3.7156 1.8946 1.8744 1.8867 1.9068 1.9298 1.9741 
 
Table 20: Average height and width of Control Set prisms (avg. of three readings) 
 Control 1 Control 2 Control 3 
Number of 
Cycles 
Avg. Height, 
mm 
Avg. Width, 
mm 
Avg. Height, 
mm 
Avg. Width, 
mm 
Avg. Height, 
mm 
Avg. Width, 
mm 
0 78.01 76.36 77.59 75.89 77.98 76.35 
32 78.02 76.28 77.73 75.89 78.07 76.32 
60 78.08 76.30 77.67 75.86 78.01 76.32 
89 78.14 76.40 77.65 75.92 77.97 76.28 
122 77.99 76.25 77.56 75.87 78.07 76.30 
149 78.02 76.27 77.52 75.97 77.99 76.39 
195 77.88 76.20 77.87 76.24 77.97 76.33 
244 77.86 76.28 77.82 76.17 77.94 76.39 
280 77.87 76.14 77.83 76.25 77.94 76.37 
318 77.88 76.11 77.78 76.23 77.95 76.36 
352 77.90 76.09 77.82 76.25 77.96 76.36 
388 77.85 76.09 77.70 76.25 78.04 76.36 
425 77.87 76.14 77.73 76.23 77.96 76.34 
461 77.85 76.11 77.70 76.20 77.94 76.35 
495 77.84 76.16 77.79 76.20 77.94 76.36 
526 77.79 76.12 77.80 76.21 77.98 76.38 
554 77.78 76.13 77.75 76.22 77.95 76.34 
585 77.86 76.12 77.78 76.23 77.96 76.33 
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Table 21: Average height and width of Cryogenic Set prisms (avg. of three readings) 
 Cryogenic 1 Cryogenic 2 Cryogenic 3 
Number of 
Cycles 
Avg. Height, 
mm 
Avg. Width, 
mm 
Avg. Height, 
mm 
Avg. Width, 
mm 
Avg. Height, 
mm 
Avg. Width, 
mm 
0 78.86 76.34 78.80 76.76 78.93 76.53 
32 78.85 76.35 78.99 76.63 78.95 76.53 
60 79.22 76.30 78.94 76.71 78.85 76.52 
89 79.20 76.35 79.01 76.74 78.92 76.55 
122 79.08 76.32 79.24 76.65 78.92 76.57 
149 79.24 76.31 79.04 76.75 78.90 76.67 
195 79.39 76.23 79.11 76.65 78.91 76.49 
244 79.44 76.31 79.21 76.65 79.01 76.53 
280 79.38 76.26 79.21 76.66 78.93 76.45 
318 79.46 76.29 79.14 76.60 79.02 76.47 
352 79.44 76.29 79.15 76.65 79.04 76.46 
388 79.44 76.29 79.19 76.59 79.06 76.49 
425 79.39 76.27 79.25 76.68 79.05 76.45 
461 79.44 76.28 79.20 77.27 79.07 76.46 
495 79.36 76.23 79.21 76.59 79.06 76.46 
526 79.44 76.30 79.21 76.73 79.09 76.50 
554 79.44 76.29 79.15 76.62 79.08 76.44 
585 79.36 76.29 79.20 76.64 79.11 76.50 
 
Table 22: Average height and width of Ambient Set prisms (avg. of three readings) 
 Ambient 1 Ambient 2 Ambient 3 
Number of 
Cycles 
Avg. Height, 
mm 
Avg. Width, 
mm 
Avg. Height, 
mm 
Avg. Width, 
mm 
Avg. Height, 
mm 
Avg. Width, 
mm 
0 78.88 76.50 79.54 76.30 79.34 76.38 
32 78.91 76.43 79.50 76.34 79.54 76.35 
60 78.94 76.48 79.36 76.30 79.41 76.30 
89 79.01 76.48 79.36 76.29 79.37 76.38 
122 78.91 76.48 79.57 76.28 79.35 76.30 
149 78.79 76.53 79.43 76.32 79.40 76.39 
195 79.04 76.56 79.12 76.33 79.31 76.46 
244 79.11 76.66 79.15 76.42 79.52 76.47 
280 79.07 76.62 79.13 76.40 79.39 76.42 
318 79.08 76.61 79.15 76.32 79.33 76.44 
352 79.14 76.62 79.18 76.40 79.40 76.43 
388 79.11 76.57 79.12 76.36 79.40 76.46 
425 79.11 76.61 79.19 76.35 79.37 76.40 
461 78.46 76.61 79.11 76.39 79.41 76.41 
495 79.12 76.56 79.17 76.33 79.39 76.46 
526 78.84 76.56 79.20 76.40 79.39 76.47 
554 79.12 76.58 79.17 76.33 79.35 76.46 
585 79.15 76.63 79.18 76.64 79.11 76.50 
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Table 23: Length change of Control Set freeze-thaw prisms 
 Control 1 Control 2 Control 3 
Number 
of Cycles 
Comparator 
measurement, 
in. 
Percent of 
length 
change, % 
Comparator 
measurement, 
in. 
Percent of 
length 
change, % 
Comparator 
measurement, 
in. 
Percent of 
length 
change, % 
0 0.0285 0.3518 0.0285 0.3484 0.0285 0.3542 
32 0.0276 0.3491 0.0277 0.3454 0.0275 0.3514 
60 0.0285 0.3498 0.0283 0.3465 0.0284 0.3524 
89 0.0288 0.3515 0.0287 0.3482 0.0287 0.3540 
122 0.0288 0.3502 0.0289 0.3468 0.0289 0.3524 
149 0.0283 0.3501 0.0284 0.3468 0.0284 0.3521 
195 0.0290 0.3503 0.0291 0.3470 0.0290 0.3527 
244 0.0287 0.3050 0.0288 0.3468 0.0287 0.3530 
280 0.0290 0.3511 0.0290 0.3478 0.0290 0.3528 
318 0.0290 0.3508 0.0289 0.3469 0.0289 0.3531 
352 0.0287 0.3507 0.0287 0.3477 0.0287 0.3525 
388 0.0289 0.3504 0.0289 0.3472 0.0289 0.3527 
425 0.0290 0.3511 0.0290 0.3478 0.0291 0.3529 
461 0.0289 0.3508 0.0289 0.3474 0.0289 0.3533 
495 0.0289 0.3502 0.0289 0.3470 0.0289 0.3523 
526 0.0292 0.3516 0.0292 0.3485 0.0291 0.3538 
554 0.0290 0.3506 0.0290 0.3478 0.0290 0.3527 
585 0.0291 0.3517 0.0292 0.3486 0.0291 0.3539 
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Table 24: Length change of Cryogenic Set freeze-thaw prisms 
 Cryogenic 1 Cryogenic 2 Cryogenic 3 
Number 
of Cycles 
Comparator 
measurement, 
in. 
Percent of 
length 
change, % 
Comparator 
measurement, 
in. 
Percent of 
length 
change, % 
Comparator 
measurement, 
in. 
Percent of 
length 
change, % 
0 0.0285 0.3610 0.0285 0.3484 0.0285 0.3028 
32 0.0275 0.3582 0.0275 0.3457 0.0275 0.2996 
60 0.0286 0.3593 0.0284 0.3471 0.0285 0.3009 
89 0.0287 0.3610 0.0288 0.3489 0.0287 0.3024 
122 0.0287 0.3598 0.0289 0.3475 0.0289 0.3009 
149 0.0287 0.3594 0.0283 0.3475 0.0284 0.3010 
195 0.0290 0.3601 0.0290 0.3478 0.0290 0.3017 
244 0.0288 0.3607 0.0287 0.3483 0.0288 0.3024 
280 0.0290 0.3604 0.0290 0.3485 0.0291 0.3022 
318 0.0289 0.3609 0.0288 0.3481 0.0289 0.3027 
352 0.0286 0.3606 0.0288 0.3486 0.0287 0.3020 
388 0.0289 0.3606 0.0289 0.3483 0.0289 0.3026 
425 0.0290 0.3613 0.0291 0.3495 0.0290 0.3028 
461 0.0289 0.3613 0.0289 0.3488 0.0289 0.3034 
495 0.0289 0.3606 0.0289 0.3485 0.0289 0.3021 
526 0.0292 0.3516 0.0292 0.3485 0.0291 0.3538 
554 0.0290 0.3506 0.0290 0.3478 0.0290 0.3527 
585 0.0291 0.3517 0.0292 0.3486 0.0291 0.3539 
 
  
 74 
Table 25: Length change of Ambient Set freeze-thaw prisms 
 Ambient 1 Ambient 2 Ambient 3 
Number 
of Cycles 
Comparator 
measurement, 
in. 
Percent of 
length 
change, % 
Comparator 
measurement, 
in. 
Percent of 
length 
change, % 
Comparator 
measurement, 
in. 
Percent of 
length 
change, % 
0 0.0285 0.3521 0.0285 0.3347   
32 0.0276 0.3496 0.0276 0.3320   
60 0.0284 0.3508 0.0284 0.3329   
89 0.0287 0.3520 0.0286 0.3343   
122 0.0287 0.3508 0.0289 0.3333   
149 0.0283 0.3507 0.0283 0.3329   
195 0.0290 0.3513 0.0290 0.3342   
244 0.0287 0.3517 0.0287 0.3334   
280 0.0290 0.3519 0.0290 0.3343   
318 0.0288 0.3519 0.0289 0.3336   
352 0.0286 0.3517 0.0287 0.3343   
388 0.0289 0.3516 0.0289 0.3339   
425 0.0289 0.3523 0.0291 0.3347   
461 0.0289 0.3524 0.0289 0.3345   
495 0.0289 0.3516 0.0288 0.3339   
526 0.0291 0.3531 0.0292 0.3359   
554 0.0290 0.3519 0.0289 0.3363   
585 0.0291 0.3532 0.0292 0.3357   
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Table 26: Static Young’s modulus E and Poisson’s Ratio of Control cylinder. 
Cycle 
No.: 
Reading 
No.: 
Stress, S 
(psi.) 
Longitudinal 
Strain, ε 
(.in) 
Transverse 
Strain, εt 
(in.) 
Static Young’s 
Modulus, E 
(psi.) 
Poisson’s 
Ratio, µ 
(-) 
1 
1 50.1 0.00005 0.00000 
609,354 0.132 
2 178.3 0.00025 0.00000 
3 308.0 0.00045 0.00000 
4 444.8 0.00065 0.00000 
5 651.7 0.00095 0.00005 
6 874.6 0.00132 0.00010 
7 1,027.3 0.00155 0.00015 
8 1,479.3 0.00225 0.00025 
9 1,889.2 0.00295 0.00035 
10 2,319.7 0.00365 0.00045 
11 2,797.9 0.00445 0.00055 
12 3,160.8 0.00505 0.00065 
13 3,555.5 0.00575 0.00075 
14 3,980.5 0.00650 0.00085 
2 1 79.6 0.00005 0.00000 
614,313 0.121 
2 178.3 0.00020 0.00000 
3 311.1 0.00040 0.00000 
4 452.8 0.00060 0.00000 
5 596.0 0.00080 0.00002 
6 849.1 0.00120 0.00007 
7 1181.7 0.00170 0.00012 
8 1363.2 0.00200 0.00017 
9 1784.1 0.00270 0.00027 
10 2169.3 0.00330 0.00037 
11 2653.1 0.00410 0.00047 
12 3076.5 0.00480 0.00057 
13 3475.9 0.00550 0.00067 
14 3980.5 0.00640 0.00077 
3 1 52.5 0.00000 0.00003 
633,068 0.131 
2 150.4 0.00035 0.00003 
3 323.1 0.00040 0.00018 
4 519.6 0.00070 0.00007 
5 655.7 0.00090 0.00009 
6 788.6 0.00110 0.00012 
7 1046.4 0.00150 0.00017 
8 1293.1 0.00190 0.00024 
9 1722.9 0.00260 0.00034 
10 2083.3 0.00320 0.00044 
11 2511.5 0.00390 0.00052 
12 2988.9 0.00470 0.00065 
13 3347.0 0.00533 0.00072 
14 3980.5 0.00640 0.00087 
Average: 618,912 0.128 
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Table 27: Static Young’s modulus E and Poisson’s Ratio of Cryogenic cylinder. 
Cycle 
No.: 
Reading 
No.: 
Stress, S 
(psi.) 
Longitudinal 
Strain, ε 
(.in) 
Transverse 
Strain, εt 
(in.) 
Static Young’s 
Modulus, E 
(psi.) 
Poisson’s 
Ratio, µ 
(-) 
1 
1 25.5 0.00005 0.00000 
107,627 0.160 
2 54.1 0.00030 0.00000 
3 125.7 0.00090 0.00005 
4 188.6 0.00140 0.00015 
5 292.8 0.00220 0.00010 
6 419.4 0.00330 0.00050 
7 484.6 0.00395 0.00060 
8 553.9 0.00450 0.00070 
9 651.7 0.00465 0.00090 
10 742.5 0.00660 0.00105 
11 791.0 0.00710 0.00113 
12 846.7 0.00763 0.00120 
13 891.3 0.00810 0.00130 
14 999.5 0.00910 0.00145 
2 1 79.6 0.00005 0.00000 
110,101 0.144 
2 178.3 0.00020 0.00000 
3 311.1 0.00040 0.00000 
4 452.8 0.00060 0.00000 
5 596.0 0.00080 0.00002 
6 849.1 0.00120 0.00007 
7 1181.7 0.00170 0.00012 
8 1363.2 0.00200 0.00017 
9 1784.1 0.00270 0.00027 
10 2169.3 0.00330 0.00037 
11 2653.1 0.00410 0.00047 
12 3076.5 0.00480 0.00057 
13 3475.9 0.00550 0.00067 
14 3980.5 0.00640 0.00077 
3 1 52.5 0.00000 0.00003 
111,454 0.145 
2 150.4 0.00035 0.00003 
3 323.1 0.00040 0.00018 
4 519.6 0.00070 0.00007 
5 655.7 0.00090 0.00009 
6 788.6 0.00110 0.00012 
7 1046.4 0.00150 0.00017 
8 1293.1 0.00190 0.00024 
9 1722.9 0.00260 0.00034 
10 2083.3 0.00320 0.00044 
11 2511.5 0.00390 0.00052 
12 2988.9 0.00470 0.00065 
13 3347.0 0.00533 0.00072 
14 3980.5 0.00640 0.00087 
Average: 109,727 0.150 
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Table 28: Static Young’s modulus E and Poisson’s Ratio of Ambient cylinder. 
Cycle 
No.: 
Reading 
No.: 
Stress, S 
(psi.) 
Longitudinal 
Strain, ε 
(.in) 
Transverse 
Strain, εt 
(in.) 
Static Young’s 
Modulus, E 
(psi.) 
Poisson’s 
Ratio, µ 
(-) 
1 
1 11.1 0.00005 0.00000 
106,889 0.167 
2 24.7 0.00015 0.00000 
3 60.5 0.00045 0.00010 
4 92.3 0.00075 0.00060 
5 146.4 0.00125 0.00020 
6 257.0 0.00225 0.00035 
7 357.3 0.00315 0.00050 
8 491.0 0.00435 0.00070 
9 562.6 0.00505 0.00083 
10 643.8 0.00585 0.00098 
11 697.1 0.00640 0.00105 
12 741.7 0.00685 0.00115 
13 822.8 0.00765 0.00128 
14 876.9 0.00815 0.00135 
2 1 19.9 0.00005 0.00000 
109,178 0.146 
2 37.4 0.00020 0.00000 
3 77.2 0.00055 0.00002 
4 124.1 0.00095 0.00005 
5 175.1 0.00140 0.00010 
6 254.6 0.00210 0.00020 
7 343.8 0.00290 0.00032 
8 424.9 0.00360 0.00045 
9 536.4 0.00465 0.00060 
10 637.4 0.00560 0.00077 
11 712.2 0.00635 0.00090 
12 734.5 0.00655 0.00092 
13 791.8 0.00713 0.00100 
14 876.9 0.00790 0.00115 
3 1 19.9 0.00005 0.00000 
108,832 0.149 
2 37.4 0.00023 0.00000 
3 61.3 0.00043 0.00000 
4 84.4 0.00063 0.00005 
5 116.2 0.00093 0.00007 
6 196.6 0.00163 0.00018 
7 288.9 0.00243 0.00030 
8 412.2 0.00353 0.00048 
9 535.6 0.00468 0.00068 
10 627.1 0.00553 0.00080 
11 698.7 0.00623 0.00093 
12 789.4 0.00713 0.00105 
13 815.7 0.00743 0.00110 
14 876.9 0.00793 0.00118 
Average: 108,300 0.154 
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Rapid Chloride Ion Penetration Test 
Table 29: Charge Passed through Control Set for Resistance to Chloride Ion 
Penetration, RCP. 
 Control 1 Control 2 Control 3 Control Average 
Time, t 
(min.) 
Charge Passed, Q 
(Coulombs) 
Charge Passed, Q 
(Coulombs) 
Charge Passed, Q 
(Coulombs) 
Charge Passed, Q 
(Coulombs) 
1 5 5 5 5 
30 183 177 184 181 
60 379 369 380 376 
90 586 571 582 580 
120 800 783 792 792 
150 1,021 1,003 1,000 1,008 
180 1,249 1,229 1,230 1,236 
210 1,482 1,463 1,454 1,466 
240 1,721 1,704 1,682 1,702 
270 1,964 1,949 1,910 1,941 
300 2,211 2,199 2,142 2,184 
330 2,461 2,453 2,376 2,430 
360 2,714 2,711 2,613 2,679 
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Table 30: Charge Passed through Cryogenic Set for Resistance to Chloride Ion 
Penetration, RCP. 
 Cryogenic 1 Cryogenic 2 Cryogenic 3 Cryogenic Average 
Time, t 
(min.) 
Charge Passed, Q 
(Coulombs) 
Charge Passed, Q 
(Coulombs) 
Charge Passed, Q 
(Coulombs) 
Charge Passed, Q 
(Coulombs) 
1 6 5 5 5 
15 95 86 88 90 
30 198 179 181 186 
45 305 279 278 287 
60 416 382 378 392 
75 531 489 479 500 
90 649 599 583 610 
105 770 712 689 724 
120 894 829 797 840 
135 1,020 940 906 955 
150 1,148 1,069 1,017 1,078 
165 1,279 1,193 1,130 1,201 
180 1,411 1,320 1,244 1,325 
195 1,545 1,440 1,359 1,448 
210 1,681 1,578 1,476 1,578 
225 1,818 1,710 1,594 1,707 
240 1,956 1,843 1,714 1,838 
255 2,096 1,978 1,834 1,969 
270 2,237 2,115 1,955 2,102 
285 2,378 2,251 2,077 2,235 
300 2,521 2,389 2,200 2,370 
315 2,664 2,528 2,324 2,505 
330 2,808 2,668 2,449 2,642 
345 2,952 2,808 2,574 2,778 
360 3,097 2,949 2,700 2,915 
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Table 31: Charge Passed through Ambient Set for Resistance to Chloride Ion 
Penetration, RCP. 
 Ambient 1 Ambient 2 Ambient 3 Ambient Average 
Time, t 
(min.) 
Charge Passed, Q 
(Coulombs) 
Charge Passed, Q 
(Coulombs) 
Charge Passed, Q 
(Coulombs) 
Charge Passed, Q 
(Coulombs) 
1 5 5 5 5 
15 90 94 92 92 
30 186 195 192 191 
45 286 300 297 294 
60 390 410 404 401 
75 496 522 514 511 
90 605 637 627 623 
105 717 754 742 738 
120 830 873 859 854 
135 946 995 979 973 
150 1,064 1,119 1,101 1,095 
165 1,184 1,244 1,224 1,217 
180 1,306 1,370 1,349 1,342 
195 1,429 1,498 1,476 1,468 
210 1,555 1,628 1,605 1,596 
225 1,681 1,759 1,734 1,725 
240 1,809 1,891 1,865 1,855 
255 1,940 2,024 1,997 1,987 
270 2,072 2,157 2,130 2,120 
285 2,206 2,291 2,264 2,254 
300 2,342 2,425 2,399 2,389 
315 2,480 2,561 2,535 2,525 
330 2,620 2,698 2,672 2,663 
345 2,761 2,837 2,809 2,802 
360 2,903 2,976 2,948 2,942 
  
 81 
Percent Water Absorption by Mass 
Table 32: Percent increase in mass due to water absorption over time. 
Time, min. Control Set Cryogenic Set Ambient Set 
0 0.0% 0.0% 0.0% 
35 1.8% 2.2% 2.3% 
59 2.1% 2.5% 2.4% 
91 2.4% 2.6% 2.6% 
139 2.6% 2.7% 2.7% 
160 2.7% 2.8% 2.8% 
1336 3.7% 3.9% 4.1% 
5997 3.9% 4.9% 5.2% 
7214 4.0% 5.0% 5.3% 
20137 4.1% 7.4% 7.0% 
 
Table 33: Normalized percent increase in mass due to water absorption over time. 
Time, min. Control Set Cryogenic Set Ambient Set 
0 0.0% 0.0% 0.0% 
35 1.8% 1.6% 1.7% 
59 2.1% 1.8% 1.7% 
91 2.4% 1.8% 1.9% 
139 2.6% 1.9% 1.9% 
160 2.7% 1.9% 2.0% 
1336 3.7% 2.7% 3.0% 
5997 3.9% 3.4% 3.7% 
7214 4.0% 3.5% 3.8% 
20137 4.1% 5.2% 5.0% 
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Figure 25: Control No.1 at 0 – freeze-thaw cycles, 75x75x285mm (3x3x11.25-in.) 
mortar prism. (a) Specimen top; (b) Specimen side; (c) Specimen bottom; (d) 
Specimen opposite side; (e) Specimen end; and (f) Specimen opposite end. 
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Figure 26: Control No.1 at 585 – freeze-thaw cycles, 75x75x285mm (3x3x11.25-in.) 
mortar prism. (a) Specimen top; (b) Specimen side; (c) Specimen bottom; (d) 
Specimen opposite side; (e) Specimen end; and (f) Specimen opposite end. 
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Figure 27: Control No.2 at 0 – freeze-thaw cycles, 75x75x285mm (3x3x11.25-in.) 
mortar prism. (a) Specimen top; (b) Specimen side; (c) Specimen bottom; (d) 
Specimen opposite side; (e) Specimen end; and (f) Specimen opposite end. 
(a) 
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Figure 28: Control No.2 at 585 – freeze-thaw cycles, 75x75x285mm (3x3x11.25-in.) 
mortar prism. (a) Specimen top; (b) Specimen side; (c) Specimen bottom; (d) 
Specimen opposite side; (e) Specimen end; and (f) Specimen opposite end. 
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Figure 29: Control No.3 at 0 – freeze-thaw cycles, 75x75x285mm (3x3x11.25-in.) 
mortar prism. (a) Specimen top; (b) Specimen side; (c) Specimen bottom; (d) 
Specimen opposite side; (e) Specimen end; and (f) Specimen opposite end. 
(a) 
 
(b) 
 
(c) 
 
(d) 
 
(e) 
 
(f) 
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Figure 30: Control No.3 at 585 – freeze-thaw cycles, 75x75x285mm (3x3x11.25-in.) 
mortar prism. (a) Specimen top; (b) Specimen side; (c) Specimen bottom; (d) 
Specimen opposite side; (e) Specimen end; and (f) Specimen opposite end. 
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Figure 31: Cryogenic No.1 at 0 – freeze-thaw cycles, 75x75x285mm (3x3x11.25-in.) 
mortar prism. (a) Specimen top; (b) Specimen side; (c) Specimen bottom; (d) 
Specimen opposite side; (e) Specimen end; and (f) Specimen opposite end. 
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Figure 32: Cryogenic No.1 at 585 – freeze-thaw cycles, 75x75x285mm (3x3x11.25-
in.) mortar prism. (a) Specimen top; (b) Specimen side; (c) Specimen bottom; (d) 
Specimen opposite side; (e) Specimen end; and (f) Specimen opposite end. 
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Figure 33: Cryogenic No.2 at 0 – freeze-thaw cycles, 75x75x285mm (3x3x11.25-in.) 
mortar prism. (a) Specimen top; (b) Specimen side; (c) Specimen bottom; (d) 
Specimen opposite side; (e) Specimen end; and (f) Specimen opposite end. 
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Figure 34: Cryogenic No.2 at 585 – freeze-thaw cycles, 75x75x285mm (3x3x11.25-
in.) mortar prism. (a) Specimen top; (b) Specimen side; (c) Specimen bottom; (d) 
Specimen opposite side; (e) Specimen end; and (f) Specimen opposite end. 
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Figure 35: Cryogenic No.3 at 0 – freeze-thaw cycles, 75x75x285mm (3x3x11.25-in.) 
mortar prism. (a) Specimen top; (b) Specimen side; (c) Specimen bottom; (d) 
Specimen opposite side; (e) Specimen end; and (f) Specimen opposite end. 
(a) 
 
(b) 
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(e) 
 
(f) 
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Figure 36: Cryogenic No.3 at 585 – freeze-thaw cycles, 75x75x285mm (3x3x11.25-
in.) mortar prism. (a) Specimen top; (b) Specimen side; (c) Specimen bottom; (d) 
Specimen opposite side; (e) Specimen end; and (f) Specimen opposite end. 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
 
(e) 
 
(f) 
 
 
 94 
 
Figure 37: Ambient No.1 at 0 – freeze-thaw cycles, 75x75x285mm (3x3x11.25-in.) 
mortar prism. (a) Specimen top; (b) Specimen side; (c) Specimen bottom; (d) 
Specimen opposite side; (e) Specimen end; and (f) Specimen opposite end. 
(a) 
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Figure 38: Ambient No.1 at 585 – freeze-thaw cycles, 75x75x285mm (3x3x11.25-in.) 
mortar prism. (a) Specimen top; (b) Specimen side; (c) Specimen bottom; (d) 
Specimen opposite side; (e) Specimen end; and (f) Specimen opposite end. 
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Figure 39: Ambient No.2 at 0 – freeze-thaw cycles, 75x75x285mm (3x3x11.25-in.) 
mortar prism. (a) Specimen top; (b) Specimen side; (c) Specimen bottom; (d) 
Specimen opposite side; (e) Specimen end; and (f) Specimen opposite end. 
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Figure 40: Ambient No.2 at 585 – freeze-thaw cycles, 75x75x285mm (3x3x11.25-in.) 
mortar prism. (a) Specimen top; (b) Specimen side; (c) Specimen bottom; (d) 
Specimen opposite side; (e) Specimen end; and (f) Specimen opposite end. 
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Figure 41: Ambient No.3 at 0 – freeze-thaw cycles, 75x75x285mm (3x3x11.25-in.) 
mortar prism. (a) Specimen top; (b) Specimen side; (c) Specimen bottom; (d) 
Specimen opposite side; (e) Specimen end; and (f) Specimen opposite end. 
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Figure 42: Ambient No.3 at 585 – freeze-thaw cycles, 75x75x285mm (3x3x11.25-in.) 
mortar prism. (a) Specimen top; (b) Specimen side; (c) Specimen bottom; (d) 
Specimen opposite side; (e) Specimen end; and (f) Specimen opposite end. 
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